Introduction
Golgi-associated plant pathogenesis-related protein (GAPR-1), also known as GLIPR-2 or C9orf19, is a mammalian protein that belongs to the cysteine-rich secretory proteins, antigen 5 and pathogenesis-related (CAP) protein superfamily (Eberle et al., 2002) . CAP superfamily proteins are found in diverse organisms ranging from bacteria to humans (Gibbs et al., 2008) . Mammals have multiple CAP domain-containing proteins. Most CAP-domain proteins are secreted outside the cell, where they have endocrine and paracrine functions (Gibbs et al., 2008) . CAP proteins are implicated in diverse biological functions such as reproduction, immune regulation and tumor suppression.
The CAP domain is characterized by a molecular mass of 17-21 kDa and a conserved -sandwich fold, wherein the central -sheet is flanked by three helices on one side and by the fourth helix on the other side, with the sandwich fold stabilized by hydrophobic packing, hydrogen bonds and ISSN 2059-7983 # 2017 International Union of Crystallography disulfide bonds (Ferná ndez et al., 1997; Henriksen et al., 2001; Serrano et al., 2004; Asojo et al., 2005 Asojo et al., , 2011 Suzuki et al., 2008; Asojo, 2011; Osman et al., 2012; Mason et al., 2014; Darwiche et al., 2016; Olrichs & Helms, 2016) . Most members of this superfamily have a signal peptide at the N-terminus and various additional C-terminal domains that are likely to assign the CAP domain to a specific biological function (Gibbs et al., 2008) . Based on sequence similarity, four conserved sequence motifs named CAP1-CAP4 have been identified in CAP domains (Gibbs et al., 2008) .
Multiple, diverse molecular mechanisms have been attributed to different CAP domains. CAP domains have been shown to bind metals (Henriksen et al., 2001; Suzuki et al., 2008; Wang et al., 2010; Asojo et al., 2011; Osman et al., 2012; Mason et al., 2014; Darwiche et al., 2016) , cholesterol (Choudhary & Schneiter, 2012; Choudhary et al., 2014; Kelleher et al., 2014; Darwiche et al., 2016) , other lipids or lipid-like molecules (van Galen et al., 2012; Xu et al., 2012; Darwiche et al., 2016) and peptides (Milne et al., 2003; Mason et al., 2014) , and are also predicted to bind glycans (Osman et al., 2012) . Most CAP domains have an equatorial surface groove that, at its center, often includes a deeper cavity lined by conserved residues. This equatorial surface groove has been shown to bind metal ions, often within the deeper central cavity (Henriksen et al., 2001; Suzuki et al., 2008; Wang et al., 2010; Asojo et al., 2011; Mason et al., 2014; Darwiche et al., 2016) . The equatorial surface groove is also predicted to bind peptides (Milne et al., 2003; Osman et al., 2012; Mason et al., 2014) or other large molecules such as glycans (Osman et al., 2012) . Notably, the CAP domain of the cone snail venom Tex31 has protease activity and can efficiently bind and cleave the conotoxin propeptide (Milne et al., 2003) . In contrast, the yeast Pry1 CAP domain is required and sufficient for binding and transporting cholesterol (Choudhary & Schneiter, 2012; Choudhary et al., 2014) . A pocket on the Pry1 CAP domain, distinct from the equatorial groove and named the caveolinbinding motif, binds 1,4-dioxane from the crystallization solution (Darwiche et al., 2016) . The caveolin-binding motif is also required for cholesterol binding, as mutagenesis of these residues abrogates in vivo sterol export (Choudhary et al., 2014) . However, none of these molecular mechanisms are observed in a wide range of CAP domains, nor have they been characterized in detail. Thus, the molecular mechanism(s) of CAP domains is/are still not well understood.
GAPR-1 is highly expressed in heart, lung and peripheral blood leukocytes, and at lower levels in skeletal muscle, prostate and uterus (Baxter et al., 2007) . GAPR-1 is unique amongst mammalian CAP domain-containing proteins in that it consists of only the CAP domain and lacks a signal peptide (Eberle et al., 2002; Serrano et al., 2004) . Consistent with the absence of a signal peptide, and unlike other CAP-domain proteins, GAPR-1 lacks disulfide bonds and is not secreted by canonical pathways, although some reports indicate that it might be secreted into the lumen of small vesicles in seminal fluid by a noncanonical secretory pathway (Van Loon & Van Strien, 1999; Eberle et al., 2002; Aalberts et al., 2012) . Further, GAPR-1 localizes to lipid-rich microdomains of the cytosolic leaflet of the Golgi complex. It binds tightly to negatively charged lipid head-groups such as inositol phosphate (IP 6 ) (van Galen et al., 2012) . The crystal structure of GAPR-1 shows that, like other CAP domains, it has a wide and long equatorial groove, but the function of this groove has not yet been established. GAPR-1 was crystallized as a dimer, but appears to equilibrate between monomeric and dimeric states in solution . Yeast two-hybrid assays suggest that GAPR-1 may exist as a dimer in cells . However, another study suggests that GAPR-1 is a monomer in the absence of lipids (van Galen et al., 2012) . The presence of negatively charged lipids appears to alter the GAPR-1 dimer, with one GAPR-1 subunit rotating by 28.5 relative to the other (van Galen et al., 2012) . Moreover, incubation with liposomes composed of negatively charged lipids stabilizes GAPR-1 dimers, and prolonged incubation causes the formation of amyloid-like fibrils via -sheet extension (Olrichs et al., 2014) . Thus, the oligomeric state of GAPR-1 has not been unambiguously established and may change in different cellular contexts.
GAPR-1 has been shown to down-regulate autophagy and bind to a key autophagy protein, Beclin 1 (Shoji- Kawata et al., 2013) . Autophagy is a lysosomal degradation pathway that is essential for cellular homeostasis, differentiation and development (Mizushima, 2005; Rubinsztein et al., 2011; Mizushima & Komatsu, 2011) . Therefore, dysfunction of autophagy is related to many diseases, such as cancers, neurodegenerative diseases, cardiovascular diseases and infectious diseases (Levine & Kroemer, 2008; Mizushima et al., 2008; Levine et al., 2011; Rubinsztein et al., 2012; Choi et al., 2013) . Beclin 1 is an essential component of the vacuolar protein sorting 34 (Vps34) complexes that up-regulate autophagy (Levine & Klionsky, 2004; Levine et al., 2015) . Many proteins, such as various Bcl-2 homologs, are implicated in regulating autophagy by binding to Beclin 1 and modulating its function (Pattingre et al., 2005; Maiuri et al., 2007; Sinha & Levine, 2009; Hatok & Racay, 2016) . Beclin 1 consists of an intrinsically disordered region, a flexible helical domain, a coiled-coil domain and arepeat in autophagy domain (BARAD) (Mei et al., 2016) . Beclin 1 co-immunoprecipitates GAPR-1, and deletion of Beclin 1 residues 267-284, which map to the BARAD, diminishes GAPR-1 co-immunoprecipitation (Shoji-Kawata et al., 2013) . Further, a cell-permeable peptide derived from Beclin 1 residues 267-284 is sufficient to pull down GAPR-1 and has been shown to induce autophagy, possibly by competitively preventing GAPR-1 from binding to Beclin 1. Peptides with Beclin 1 F270S or F274S mutations fail to bind to GAPR-1 and fail to induce autophagy (Shoji-Kawata et al., 2013) .
The mechanism by which GAPR-1 binds to Beclin 1 to down-regulate autophagy is unknown. We hypothesized that the GAPR-1 equatorial surface groove, which is lined with five conserved residues, may be responsible for binding Beclin 1. In order to better understand the interaction of GAPR-1 and Beclin 1, we constructed a model of the GAPR-1-Beclin 1 (residues 267-284) complex to identify potential GAPR-1 residues involved in the GAPR-1-Beclin 1 interaction and used pull-down assays to test the impact of mutating these residues on the binding of GAPR-1 to Beclin 1. We solved the high-resolution three-dimensional structure of a mutant GAPR-1 that does not bind to Beclin 1 to elucidate structural changes that are likely to disrupt binding. Lastly, we used isothermal titration calorimetry (ITC) to quantify the selfdissociation constants of WT and mutant GAPR-1 and used size-exclusion chromatography together with small-angle X-ray scattering (SEC-SAXS) to verify the oligomeric states of wild-type (WT) and mutant GAPR-1 in solution.
Materials and methods
2.1. Constructing a model of the complex of GAPR-1 and Beclin 1 residues 267-284
Sequence alignments were performed using ClustalW2 (Thompson et al., 1994) . The docking server CABS-dock (Kurcinski et al., 2015) was used to model the binding of Beclin 1 residues 267-284 to the 'receptor molecule', i.e. WT GAPR-1 (PDB entry 1smb; Serrano et al., 2004) . Docking involved three discrete steps. (i) Random structures of a peptide comprising Beclin 1 residues 267-284 were generated and placed on the surface of the receptor. (ii) Replica exchange Monte Carlo dynamics was used in docking, yielding a total of 10 000 models of the GAPR-1-Beclin 1 residues 267-284 complex. (iii) The final representative models were selected in two substeps: (1) all unbound states were excluded and the 100 lowest binding energy models of the GAPR-1-Beclin 1 residues 267-284 complex were selected for the next step; (2) selected models were clustered based on the root-meansquare deviation (r.m.s.d.) of the entire complex for model refinement; the clusters were ranked according to size from largest to the tenth largest and the ten top-ranked models (representatives of the ten most populated clusters) were selected.
Creation of cellular protein-expression constructs, pull-down assay and Western blot
WT GAPR-1 residues 1-154 were subcloned from GAPR-1-Myc (Shoji-Kawata et al., 2013) using the primers 5 0 -GAA GATCTATGGGCAAGTCAGCTTCCA and 5 0 -TTGCGG CCGCTTACTTCTTCGGCGGCAGGA into a pGEX-6P-1 vector between the BamHI and NotI restriction-enzyme sites. GAPR-1 mutants E86A, G102K/H103A, H54A/G102K/ H103A/N138G, E86A/G102k/H102A/N138G and H54A/ E86A/G102K/H103A/N138G were generated by PCR mutagenesis using the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies).
WT Beclin 1 residues 1-450 were subcloned from FLAG-Beclin 1 (Shoji-Kawata et al., 2013) using primers 5 0 -CGG GATCCATGGAAGGGTCT and 5 0 -TTGCGGCCGCTCATT TGTTATAAAATTGTG between the BamHI and NotI restriction-enzyme sites of a pGEX-4T-1 vector.
For GST pull-down assays, the GST fusion proteins described above were expressed in Escherichia coli strain BL21-CodonPlus(DE3)-RP and purified using glutathione Sepharose 4B (GE Healthcare). GST-tagged GAPR-1 was treated with PreScission protease to remove the GST tag. GAPR-1 variants were incubated with GST-Beclin 1 or GST conjugated to glutathione Sepharose 4B beads in binding buffer (PBS with 0.5% Triton X-100). After a 2 h incubation at 4 C, the beads were washed three times with binding buffer. The input and bound GAPR-1 proteins were analysed by Western blotting using an anti-GAPR-1 antibody (Eberle et al., 2002) . The amount of GST or GST-Beclin 1 pulled down was analysed by staining the same polyvinylidene fluoride membrane with Ponceau S stain.
Large-scale protein expression and purification
For large-scale protein purification, the plasmids described above, encoding either WT or H54A/E86A/G102K/H103A/ N138G pentad mutant GAPR-1 (hereafter called the pentad mutant), were used to transform E. coli BL21(DE3) pLysS cells, which were grown at 37 C to OD 600 = 0.8 (log phase) prior to the induction of protein expression with 0.5 mM IPTG at 20 C for 18 h. The cells were harvested via centrifugation at 4000g for 20 min and the cell pellets were frozen at À80 C. The frozen pellets were thawed and resuspended in 300 ml lysis buffer (25 mM HEPES pH 7.5, 300 mM NaCl, 10% glycerol, 2 mM DTT) with 0.2 mM AEBSF, and the resuspended cells were lysed in a NanoDeBEE emulsifier (BEE International). The lysate was centrifuged at 20 000g for 40 min to pellet the cell debris. The protein was purified from the clarified lysate by GST affinity chromatography (GE Healthcare), followed by overnight on-column cleavage using GST PreScission protease to remove the GST tag. This cleavage leaves a linker comprising residues GPLGS on the protein. The cleaved protein was washed with two column volumes of lysis buffer, purified further by cation-exchange chromatography using an 8 ml HR10/10 Mono S column (GE Healthcare) and finally by size-exclusion chromatography (SEC) using a HiLoad 16/60 Superdex 200 column (GE Healthcare). The final purified protein was concentrated to 1 mM in a buffer comprised of 50 mM Tris pH 8.0, 300 mM NaCl, 2 mM DTT and stored at À80 C.
Crystallization, data collection and structure solution
The pentad GAPR-1 mutant was crystallized at 20 C by hanging-drop vapor diffusion, wherein the drop consisted of 1.5 ml protein stock (17 mg ml À1 protein in 50 mM Tris pH 8.0, 300 mM NaCl, 2 mM DTT) and 0.5 ml reservoir solution [0.1 M bis-tris pH 5.5, 35%(w/v) PEG 3350, 50 mM Li 2 SO 4 ]. Crystals grew within a week and were harvested in LV CryoOil (MiTeGen) before being flash-cooled in liquid nitrogen.
Diffraction data were collected at 100 K at a wavelength of 0.97918 Å in one 360 sweep from a single crystal on NE-CAT beamline 24-ID-C at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), Argonne, Illinois, USA. Diffraction intensities were recorded on a 4 Â 4 tiled MAR Mosaic CCD detector (Rayonix) at a crystal-to-detector distance of 250 mm over a 0.5 crystal rotation with 1 s exposure per image. Diffraction data were processed using the RAPD automated processing web server (https:// rapd.nec.aps.anl.gov/rapd/). Data statistics are shown in Table 1 . The structure was solved by molecular replacement using Phaser (McCoy et al., 2007) in the PHENIX suite (Adams et al., 2010) , with the WT GAPR-1 structure (PDB entry 1smb) as a model. The structure was refined to 1.27 Å resolution using the PHENIX refinement pipeline (Adams et al., 2010) combined with iterations of manual model building using Coot (Emsley et al., 2010) . Final model statistics are reported in Table 1 .
Protein structure analysis
Pairwise superimposition of structures was performed with LSQKAB (Kabsch et al., 1976) . Simultaneous superimposition of multiple structures was performed with THESEUS (Theobald & Wuttke, 2008) , which applies a maximumlikelihood method. Electrostatic properties were calculated with APBS (Baker et al., 2001) using the PARSE force field, and the electrostatic potentials were compared using the webPIPSA server (Richter et al., 2008) . Dimer interfaces in each crystal structure were analysed in detail using PISA (Krissinel & Henrick, 2007) . Shape complementarity at the WT and pentad mutant dimer interfaces was calculated using the program SC in the CCP4 suite (Lawrence & Colman, 1993; Winn et al., 2011) . Molecular figures were created using PyMOL (v.1.5.0.2; Schrö dinger).
Analytical SEC
Analytical SEC was performed to estimate and compare the molecular mass of WT and pentad mutant GAPR-1. 0.2 ml of 2, 1, 0.5 and 0.25 mM purified WT or pentad mutant GAPR-1 in 50 mM Tris pH 8.0, 300 mM NaCl, 2 mM DTT was injected onto a Superdex 200 10/300 SEC column (GE Healthcare) and the molecular masses and hydrodynamic (Stokes) radii (R S ) were calculated by comparison with the elution profile of SEC standards (Bio-Rad).
ITC
ITC experiments were performed using a Low Volume Nano ITC (TA Instruments). WT and pentad mutant GAPR-1 samples were dialyzed against ITC buffer comprising 50 mM Tris pH 8.0, 300 mM NaCl, 2 mM -mercaptoethanol. All ITC experiments were performed at 20 C with 25 injections of 2 ml each, by titrating 0.26 mM protein into ITC buffer. Blank profiles obtained by titrating buffer into buffer were subtracted from the experimental profiles of self-dissociation experiments. Data were analyzed with the NanoAnalyze software (TA Instruments) and fitted with dimer dissociation models. The data reported are the average of three sets of experiments.
SEC-SAXS data collection and analysis
SAXS data were collected on beamline 18-ID (BioCAT) at APS, ANL, Argonne, Illinois, USA using a PILATUS3 1M detector with X-rays of wavelength 1.033 Å . 17.2 mg ml À1 WT GAPR-1 or pentad mutant GAPR-1 was injected onto a Superdex 200 10/300 SEC (GE Healthcare) column at a flow rate of 0.75 ml min À1 and the eluate from the SEC column was immediately exposed to the X-ray beam for 1 s, with a 2 s delay between each exposure. The SAXS data were recorded at a sample-to-detector distance of 3.5 m, which covers a momentum-transfer range from 0.0036 to 0.4 Å À1 [q = (4sin )/, where 2 is the scattering angle]. Scattering data were normalized to the incident X-ray beam intensity prior to further analysis. Singular value decomposition (SVD) analysis was performed on the normalized scattering data using the program DELA (Lambright et al., 2014; Malaby et al., 2015) . The scattering from buffer was subtracted using the BioCAT beamline pipeline based on the ATSAS suite of programs. A q range of q < 0.3 Å was used for all SAXS analyses using the ATSAS program suite (Franke et al., 2017) . Within the ATSAS program suite, PRIMUS (Konarev et al., 2003) was used to scale and average data for further analysis, and also for Guinier extrapolation. The radius of gyration (R g ) of the averaged data was calculated from the Guinier approximation. The particle pairwise distance distribution function [P(r) plot] and Kratky plot were calculated using GNOM (Svergun, 1992) . The P(r) plot was used to estimate R g and D max , which were used to constrain the dimensions of the ten independent ab initio bead models calculated using DAMMIF (Franke & Svergun, 2009) . P1 symmetry was imposed to generate these models. A total of ten ab initio reconstructed models were further averaged and filtered by DAMSEL, DAMSUP, DAMAVER and DAMFILT . CRYSOL (Svergun et al., 1995) was used to calculate and compare theoretical scattering curves from either the WT (PDB entry 1smb) or pentad mutant GAPR-1 structures. Table 1 X-ray data-collection and structure-refinement statistics.
Values in parentheses are for the highest resolution shell. Superimposition of the crystal structures on the ab initio bead models was performed using SUPCOMB (Kozin & Svergun, 2001 ).
Data-collection statistics

Results
3.1. Beclin 1 residues 267-284 are predicted to bind to the conserved equatorial groove of the GAPR-1 CAP domain Several conserved GAPR-1 residues were identified from an alignment of six CAP protein sequences from different species: GLIPR-1 from human, pseudechetoxin from king brown snake, CRVP from common wasp, VAL4 from blood fluke, P14a from tomato and Pry1 from yeast (Fig. 1) . The equatorial surface groove on the GAPR-1 surface is the only groove that is large enough to accommodate a peptide. This groove is lined by 11 residues, six of which (His54, Glu65, Glu86, Gly102, His103 and Asn138) are conserved amongst various GAPR-1 orthologs ( Figs. 1 and 2) . The Glu65 mainchain atoms are surface-exposed, but the side chain is buried in the core of the protein, with the side-chain carboxylate stabilized by a bidentate salt bridge to the Arg132 guanidinium and by hydrogen bonds to the Ser55 hydroxyl and mainchain amide. Thus, Glu65 and equivalent residues of homologs are likely to be essential for the structural integrity of CAP domains rather than peptide binding. The side chains of the remaining five residues are solvent-exposed, and amongst these His54 is part of the CAP3 motif, Gly102 and His103 are part of the CAP1 motif and Asn138 is part of the CAP2 motif. Notably, Beclin 1, including residues 267-284, is also conserved across species from yeast to humans. Thus, we hypothesized that the five conserved, solvent-exposed GAPR-1 residues lining the equatorial groove may play essential roles in binding to a conserved region of Beclin 1. GAPR-1 sequence conservation. Alignment of GAPR-1 homolog sequences from different species: GAPR-1, Homo sapiens; GLIPR-1, Homo sapiens; pseudechetoxin, Pseudechis australis; CRVP, Vespula vulgaris; VAL4, Schistosoma mansoni; P14a, Solanum lycopersicum; PRY1, Saccharomyces cerevisiae. Conserved residues are highlighted in red and invariant residues in white on a red background. Secondary-structure elements, i.e. helices and strands, displayed as spirals and arrows, respectively, above the alignment correspond to WT GAPR-1. The four conserved CAP sequence motifs are boxed in green. Circles below the sequence alignment indicate residues lining the equatorial binding groove, with magenta circles indicating conserved residues mutated in this study. This figure was made with ESPript (Robert & Gouet, 2014) .
Figure 2
Location of mutated, conserved residues within the equatorial GAPR-1 binding groove. The molecular surface of GAPR-1 is colored by atom type: oxygen, red; nitrogen, blue; carbon, gray; mutated residues are colored magenta. This and all other molecular figures were made with PyMOL.
The program CABS-dock (Kurcinski et al., 2015) was used to dock a peptide corresponding to Beclin 1 residues 267-284 onto the 'receptor molecule', i.e. WT GAPR-1 (PDB entry 1smb; Fig. 3 ). CABS-dock does not require a priori information about the binding site and allows complete peptide flexibility and small fluctuations of the 'receptor' backbone during the docking search.
The top-ranked model cluster of the WT GAPR-1-Beclin 1 (residues 267-284) complex ( Fig. 3) has an r.m.s.d. of 6.39 Å over 18 peptide C atoms. The model from the top-ranked model cluster suggests that Beclin 1 residues 267-284 bind to the equatorial groove on the GAPR-1 CAP domain (Fig. 3) . The docked peptide superimposes on equivalent residues of the Beclin 1 BARAD structure (PDB entry 4ddp; Huang et al., 2012) with an r.m.s.d. of 4.4 Å over 16 C atoms.
3.2. Conserved GAPR-1 residues lining the equatorial binding groove are important for binding to Beclin 1
The role of the five conserved GAPR-1 residues whose side chains line the equatorial groove (Fig. 2) was evaluated by assessing the impact of five sets of GAPR-1 mutations (E86A, G102K/H103A double, H54A/G102K/ H103A/N138G tetrad, E86A/G102K/ H103A/N138G tetrad and H54A/E86A/ G102K/H103A/N138G pentad mutants) on the GAPR-1-Beclin 1 interaction, as monitored by GST pull-down assays (Fig. 4) . These assays show that relative to WT GAPR-1, each of these GAPR-1 mutants has substantially decreased binding to Beclin 1, indicating that the residues within each set of mutations are likely to contribute to the Beclin 1 interaction interface. Binding to Beclin 1 is not abolished by either the E86A single mutant or the G102K/H103A double mutant ( Fig. 4 ), or the N138G single mutant (data not shown), indicating that individually none of these residues is critical for binding. However, the E86A/G102K/H103A/N138G tetrad and H54A/E86A/G102K/H103A/ N138G pentad mutations completely abrogate the GAPR-1-Beclin 1 interaction, suggesting that together the conserved residues lining the equatorial groove of GAPR-1, particularly Glu86, Gly102, His103 and Asn138, are important for GAPR-1 binding to Beclin 1. GST-Beclin 1 pull-downs of WT and mutant GAPR-1. GST-tagged Beclin 1 was used as the bait to pull down WT and mutant GAPR-1. The GAPR-1 bound to Beclin 1 was detected by anti-GAPR-1 antibodies. WB: Western blot.
Figure 3
Computational model of Beclin 1 (residues 267-284) docked onto WT GAPR-1 (PDB entry 1smb). The electrostatic potential surface of GAPR-1 is shown and the docked peptide comprising Beclin 1 (residues 267-284) is displayed in green, with side chains shown in stick representation colored by atom type: oxygen, red; nitrogen, blue; carbon, green. The range of electrostatic potential displayed is À5 to 5 kT.
Therefore, we decided to further investigate the structure of the H54A/E86A/G102K/H103A/N138G pentad mutant GAPR-1 (herein called the pentad mutant).
The pentad mutation does not impact GAPR-1 tertiary structure
We determined the 1.27 Å resolution X-ray crystal structure of the pentad mutant GAPR-1 (Fig. 5a ). Pentad mutant GAPR-1 crystals belonged to space group C222 1 , with one molecule per asymmetric unit. WT GAPR-1 has previously been crystallized in the ligand-free state and in the presence of IP 6 (herein called WTinIP 6 ), although IP 6 was not visible in the crystal structure (van Galen et al., 2012) . Like WT GAPR-1, the pentad mutant GAPR-1 has an -sandwich fold ( Fig. 5a ) and residues packed in the core include a buried Glu65 that makes bidentate electrostatic interactions with Arg132 and hydrogen bonds to Ser55. The overall tertiary structure of pentad mutant GAPR-1 is very similar to those of WT and WTinIP 6 ( Fig. 5a ), with pairwise r.m.s.d.s of 1.72 Å over 149 C atoms of WT GAPR-1 (PDB entry 1smb) and 1.86 Å over 149 C atoms of WTinIP 6 GAPR-1 (PDB entry 4aiw; van Galen et al., 2012) . The GAPR-1 residues at positions 54, 86, 102, 103 and 138 have well defined electron density in both the pentad mutant ( Supplementary  Fig. S1a ) and WT ( Supplementary Fig. S1b ) structures.
The interactions of the residues at positions 54, 86, 102, 103 and 138 are different in the WT and pentad mutant GAPR-1 monomers. In the pentad mutant GAPR-1 structure, Ala54, Ala86, Lys102, Ala103 and Gly138 are only involved in hydrophobic interactions (Fig. 5b) . The Ala54 side chain packs against the Leu67 side chain. The Ala86 side chain packs against the side chains of Ala103 and Phe104. The aliphatic part of the Lys102 side chain packs against the aromatic ring of Phe97, while the charged amino group is solvent-exposed and does not make any interactions with the protein. In addition to packing with Ala86, the Ala103 side chain also interacts with the side chain of Trp83. Lastly, Gly138, which lacks a side chain, enables the packing of Phe97, Val140 and Phe145 against each other.
In contrast, the equivalent five residues in WT GAPR-1, His54, Glu86, Gly102, His103 and Asn138, also contribute polar interactions (Fig. 5c ). The His54 imidazole NH forms an ionic bond to the Glu65 side-chain carboxylate O atom. One O atom of the Glu86 side-chain carboxylate forms ionic bonds to the His103 imidazole NH. In addition to the ionic bond to Glu86, the His103 imidazole NH forms a hydrogen bond to a water molecule. The His103 C atom also packs against the C atom of Trp83. Gly102 is not involved in any interactions within the subunit. Lastly, the Asn138 side-chain carbonyl O atom forms a hydrogen bond to the Thr105 hydroxyl, while the aliphatic part of Asn138 packs against the aromatic ring of Phe97. Thus, the pentad mutations do not disrupt the tertiary structure, but do alter the interactions of residues within a monomer.
The pentad mutation alters the GAPR-1 quaternary structure
Like WTand WTinIP 6 GAPR-1, the pentad mutant GAPR-1 forms a crystallographic homodimer, with the subunits related by a twofold rotation about the y axis. However, the dimer interface is significantly different in each of these three structures. Superposition of one subunit of the pentad mutant onto one subunit of the ligand-free WT GAPR-1 dimer reveals that the other subunit of pentad mutant GAPR-1 is rotated 38.1 outwards relative to the corresponding ligandfree WT GAPR-1 monomer (Fig. 6a) . In contrast, a similar superposition between pentad mutant and WTinIP 6 GAPR-1 shows a rotation of 17.9 inwards relative to the other subunit of WTinIP 6 (Fig. 6b) . Notably, neither the conserved residues at positions 54, 86, 102, 103 and 138 of WT GAPR-1 nor the mutated residues at equivalent positions in the pentad mutant GAPR-1 are directly involved in the dimer interface.
For the pentad mutant GAPR-1, the total surface area buried upon homodimerization is 945 Å 2 , which constitutes GAPR-1 tertiary structure is maintained in the pentad mutant. (a) Superimposed GAPR-1 monomers from different crystal structures: pentad mutant (yellow), ligand-free WT (violet) and WTinIP 6 (cyan). (b) Intramolecular interactions of the five mutated residues in pentad mutant GAPR-1. (c) Intramolecular interactions of the WT residues corresponding to those mutated in (b). The side chains of mutated/WT residues and residues that interact with them in (b) and (c) are displayed in stick representation, with atoms colored by type: oxygen, red; nitrogen, blue; carbon, yellow (mutated) or violet (WT). Water molecules are displayed as red spheres. Mutated or WT residues are labeled in yellow or violet, respectively, and interacting residues are labeled in black. about 11.3% of the total surface area of each subunit. The dimer interface involves a total of 30 residues from each subunit and is stabilized by hydrophobic interactions and six intermolecular hydrogen bonds ( Supplementary Fig. S2a ). The three unique, inter-subunit hydrogen bonds are formed between the carbonyl O atoms of Leu52, Arg82 and Asp73, and the Arg50 guanidinium, the Tyr72 hydroxyl and the Lys88 amino group, respectively ( Supplementary Fig. S2a ). Further, we analysed the shape complementarity of the interacting surfaces in the crystallographic dimer, which quantifies the geometric surface complementarity (S c ) of protein-protein interfaces, where a score of 1.0 denotes perfect geometric complementarity of interacting interfaces (Lawrence & Colman, 1993) . Previous evaluation of protein-protein interaction interfaces identified and obtained by data mining the PDB showed that the S c of crystallographically established interfaces clusters between 0.6 and 0.8 (De et al., 2005) . The pentad mutant GAPR-1 dimer interface has an S c of 0.70, indicating that the geometrical complementarity at the pentad mutant dimer interface supports homodimer formation.
Similar to pentad mutant GAPR-1, the total surface area buried upon homodimerization of WT GAPR-1 is 943 Å 2 , constituting approximately 11.7% of the total surface area of each subunit. The dimer interface involves a total of 26 residues from each subunit and is stabilized by two pairs of salt bridges, wherein Asp81 and Lys88 of one subunit form salt bridges with Lys88 and Asp81 of the other subunit, respectively ( Supplementary Fig. S2b ). Despite the similar total surface areas buried upon dimerization of the pentad mutant and WT GAPR-1, the WT GAPR-1 crystallographic dimer interface has an S c of 0.60, which is less than that of the pentad mutant, indicating that decreased shape complementarity of WT GAPR-1 is likely to adversely impact homodimerization.
The dimer interface is significantly less extensive for WTinIP 6 . The total surface area buried upon dimerization is only 717 Å 2 , constituting about 8.6% of the total surface area of each subunit. 23 residues from each subunit contribute to the interface and include a symmetry-related pair of hydrogen bonds. Each symmetry-related hydrogen bond is between the Leu52 carbonyl O atom of one subunit and the Arg50 mainchain amide of the other ( Supplementary Fig. S2c ). Unexpectedly, however, the WTinIP 6 GAPR-1 dimer interface has an S c of 0.69, which is comparable to that of pentad mutant GAPR-1, but better than that of WT GAPR-1. Perhaps IP 6 induces conformational changes that improve the surface complementarity at the GAPR-1 homodimer interface.
Neither the five conserved/mutated residues, nor the residues that they interact with, are directly involved in the dimerinterface interactions (Figs. 5b and 5c ). However, a detailed examination of the structure provides clues to the stabilization of the different dimeric states. Although the WT and pentad mutant structures superimpose well, with a pairwise r.m.s.d. of 1.72 Å over 149 C atoms, the C-terminal end of the 4 helix is distorted in pentad mutant GAPR-1 relative to the WT. This helix bears Glu86, one of the conserved/mutated residues, and Lys88, which is involved in the dimer interface. The WT GAPR-1 intramolecular Glu86-His103 interaction results in a C distance of 7.3 Å , whereas the intramolecular interaction of the corresponding residues (Ala86 and Ala103) in pentad mutant GAPR-1 results in a C distance of 6.1 Å . This distortion of the 4 helix is likely to cause the observed 1.5 Å shift of the Lys88 C , and perhaps also causes the different rotomer adopted by the Lys88 side chain. Therefore, although Lys88 is involved in intermolecular ionic interactions across the dimer interfaces of both the WT and pentad mutant (Supplementary Figs. S2a and S2b), its altered conformation owing to the E86A and H103A mutations results in different intermolecular ionic interactions: with Asp81 in the WT GAPR-1 and Asp73 in the pentad mutant GAPR-1 dimer.
The pentad mutation impacts the characteristics and accessibility of the equatorial groove
Although the GAPR-1 mutations do not impact on the global tertiary structure, analysis of the surface electrostatic potential of the WT and the pentad mutant shows that the equatorial binding groove is more positively charged in pentad mutant GAPR-1 ( Fig. 7) than in WT GAPR-1 (Supplementary Fig. S3 ). Further, the G102K mutation reduces the width and depth of the binding The pentad mutation impacts GAPR-1 dimerization. Superimposition of the pentad mutant GAPR-1 dimer (gray and yellow subunits) onto either (a) ligand-free WT GAPR-1 (gray and violet subunits) or (b) WTinIP6 GAPR-1 (gray and cyan subunits). The gray subunits of each dimer are superimposed. groove relative to the WT, as the lysine side chain occludes part of the binding groove in the mutant (Fig. 7 and Supplementary Fig. S3 ). The equatorial surface groove of the pentad mutant GAPR-1 has 15 ordered water molecules, of which two are hydrogen-bonded by the mutated Lys102 side-chain amino group. The equatorial surface groove of WT GAPR-1 has 26 ordered water molecules, of which only one is hydrogenbonded by the His103 imidazole NH. Therefore, the pentad mutations alter the arrangement and number of ordered water molecules bound to the GAPR-1 equatorial groove. Thus, Beclin 1 binding is also likely to be adversely impacted by the reduction in size, the change in shape and the increased positivity of the electrostatic surface of the equatorial binding groove in pentad mutant GAPR-1.
Strikingly, the equatorial groove of each subunit is substantially occluded by the other subunit upon dimerization of pentad mutant GAPR-1 ( Fig. 7 , left top and bottom panels), as well as in WT GAPR-1 ( Supplementary Fig. S3 , left top and bottom panels) and WTinIP 6 GAPR-1 ( Supplementary Fig.  S4 , left top and bottom panels), with maximal occlusion of the groove in pentad mutant GAPR-1. Therefore, the binding of Beclin 1 is likely to depend on dissociation of the GAPR-1 dimer. An examination of the electrostatics of the interacting surfaces of pentad mutant GAPR-1 indicates that the more positive equatorial groove (Fig. 7, top left panel) interacts with a protrusion that bears negatively charged residues in the partner subunit (Fig. 7, top right panel) . In contrast, in WT GAPR-1 the more negative equatorial groove (Supplementary Fig. S3 , top left panel) interacts with a protrusion with fewer negative regions ( Supplementary  Fig. S3 , top right panel), while in WTinIP 6 GAPR-1 the more neutral, equatorial groove ( Supplementary Fig. S4 , top left panel) interacts with a protrusion that is also more neutral ( Supplementary Fig. S4, top right  panel) . Therefore, the altered electrostatic surface of the equatorial groove of the pentad mutant GAPR-1 appears to facilitate a stronger electrostatic interaction with an alternate surface on the partner GAPR-1 subunit, stabilizing the pentad mutant GAPR-1 dimer relative to the WT. Given the increased shape and electrostatic complementarity of the dimer interface in the pentad mutant, it is plausible that the pentad mutant forms more stable dimers relative to the WT. The analysis of GAPR-1 dimerization in solution described below supports this hypothesis.
The pentad mutation shifts the GAPR-1 monomerdimer equilibrium towards dimerization
The oligomeric state of WT GAPR-1 has not been unambiguously established; therefore, we first used analytical SEC to compare the size of WT and pentad mutant GAPR-1. In our hands, WT GAPR-1 elutes as a monomer for injected sample Pentad mutant GAPR-1 dimerization occludes the equatorial groove. The electrostatic potential surface of one subunit of the homodimer is shown, while the partner subunit is displayed in stick representation with atoms colored by atom type: oxygen, red; nitrogen, blue; carbon, yellow. The electrostatic potential surface of the same subunit of the homodimer is shown in the top left and bottom panels, while in the right panel the subunit is shown in stick representation, with the partner subunit shown as an electrostatic potential surface. Rotations representing the different views in each panel are indicated.
concentrations ranging from 0.25 to 2 mM ( Supplementary  Fig. S5a) , with an estimated molecular mass of 17.7 kDa, which agrees well with the theoretical monomer molecular mass of 17.2 kDa calculated from the GAPR-1 sequence. Consistent with this, the Stokes radius (R S ) of 17 Å estimated from analytical SEC of WT GAPR-1 is slightly smaller than the theoretical R S of 19 Å calculated for the WT GAPR-1 crystal monomer, and much smaller than the R S of 24 Å calculated for the WT GAPR-1 crystal dimer.
In contrast, the elution profiles of pentad mutant GAPR-1 are dependent on the concentration of sample injected onto the column ( Supplementary Fig. S5b ). When higher concentrations of 1 or 2 mM pentad mutant GAPR-1 are injected, the elution peaks are fairly symmetric, but are left-shifted relative to WT GAPR-1 ( Supplementary Fig. S5c ). The molecular mass estimated from these profiles is approximately 26 kDa, which is significantly larger than the 17.2 kDa expected for a monomer, albeit smaller than the molecular mass of 34.4 kDa expected for a dimer ( Supplementary Fig. S5b ). However, when lower concentrations of 0.5 or 0.25 mM pentad mutant GAPR-1 are injected, the elution peaks are right-shifted and are also slightly less symmetric than those at the higher concentrations, with the trailing edge of the 0.25 mM pentad mutant GAPR-1 elution peak overlapping the elution peak of WT GAPR-1 ( Supplementary Fig. S5c ), suggesting that the pentad mutant dimer dissociates as the concentration decreases and the elution profile includes both dimeric and monomeric species. The R S of 21 Å for pentad mutant GAPR-1 estimated from analytical SEC approximates the average of the theoretical R S of the pentad mutant GAPR-1 crystal dimer (24 Å ) and monomer (19 Å ).
ITC was used to quantify the self-dissociation constants of WT and pentad mutant GAPR-1. We do not detect any dimer dissociation for WT GAPR-1 ( Supplementary Fig. S6a ). While hypothetically this may be the result of factors such as extremely tight binding or heats of dissociation that are beyond the detection range of this method, the most likely explanation, which is consistent with the SEC analysis reported above, is that WT GAPR-1 does not dimerize at these concentrations. In contrast, the pentad mutant GAPR-1 homodimerizes with an apparent K d of 29 AE 7 mM (Supple-mentary Fig. S6b ). Further, dimerization of pentad mutant GAPR-1 is favored by both entropy (ÁS = 20 AE 33 J K À1 mol À1 ) and enthalpy (ÁH = À19 AE 9 kJ mol À1 ). Notably, the injection of 1 mM pentad mutant GAPR-1 onto a SEC column results in elution concentrations varying between 2 and 41 mM ( Supplementary Table S1 ). The leading edge of the SEC elution peak has concentrations above (Supplementary Table S1 ) the dimer dissociation constant quantified by ITC. However, the concentration of fractions that correspond to the trailing part of the peak range between 2 and 23 mM, which is lower than the K d and may result in dissociation of the dimer. Therefore, the ITC results verify the improved homodimerization of pentad mutant GAPR-1 relative to WT GAPR-1, which agrees with the increased shape and electrostatic complementarity of the dimer interface of the pentad mutant relative to WT, as well as the analytical SEC results indicating that WT GAPR-1 is a monomer in solution while the pentad mutant GAPR-1 favors a dimer. Lastly, in order to confirm the oligomeric state of WT and pentad mutant GAPR-1, we analysed homogeneous samples of each protein by SEC-SAXS.
3.7. SEC-SAXS confirms that WT GAPR-1 is a monomer in solution I(0) varies across the SEC-SAXS peak of WT GAPR-1 ( Supplementary Fig. S7a) , consistent with the variation in elution concentration ( Supplementary Table S1 ). The R g determined from intensity-normalized, buffer-subtracted data is constant across the scattering peak of WT GAPR-1 (Fig. 8a) , indicating that the R g is not dependent on the WT GAPR-1 concentration in the concentration range tested. SVD analysis was used to determine the minimum number of species required to represent the whole scattering peak. SVD analysis of a matrix containing buffer and WT GAPR-1 scattering data normalized by the incident beam intensity indicates that the sample contained only one dominant species besides the buffer, based on the magnitude of the singular values, autocorrelations of the columns of U and V (Fig. 8b) , and plots of columns of U (Fig. 8c ). Ten data sets with similar R g were selected, scaled and averaged for further data analysis. The linear Guinier plots at qR g < 1.3 indicate that the sample is monodisperse (Fig. 9a) . The R g of 16 Å estimated from the Guinier plot agrees well with the R g of 15 Å estimated from the P(r) curve (Fig. 9b ) and the R g of 15 Å calculated from the WT GAPR-1 crystal structure monomer, but is substantially smaller than the R g of 20 Å calculated from the WT GAPR-1 crystal structure dimer. The P(r) curve indicates that WT GAPR-1 is globular, with a maximum molecular dimension (D max ) of 58 Å (Fig. 9b) . The dimensionless Kratky plot suggests that WT GAPR-1 has limited disorder (Fig. 9c) . The normalized spatial discrepancy of the ten generated ab initio molecular models is 0.46 AE 0.02. The envelope confirms the globular shape of WT GAPR-1 (Fig. 9d) . Further, the molecular mass estimated from the volume of correlation, V c (Rambo & Tainer, 2013) , is 14.6 kDa, which is a little smaller than the theoretical monomeric molecular mass of 17.2 kDa.
Theoretical scattering curves calculated from either the WT GAPR-1 monomer or dimer were compared with the Left panel: the theoretical scattering curve calculated from the WT crystal structure monomer (green) fitted to experimental scattering data (black). Right panel: WT monomer (violet ribbon) docked into the SAXS molecular envelope (gray surface) shown in two orthogonal orientations. (e) Fit of the WT dimer crystal structure to the SAXS data. Left panel: the theoretical scattering curve calculated from the WT dimer crystal structure (red) fitted to the experimental scattering data (black). Right panel: WT dimer (violet ribbon) docked into the SAXS envelope (gray surface) shown in two orthogonal orientations.
experimental scattering data (Figs. 9d and 9e) . The theoretical scattering curve calculated from the monomer agreed well with the experimental scattering curve, as indicated by a 2 of 1.5 (Fig. 9d, left panel) , while the theoretical curve calculated from the dimer fitted very poorly, as indicated by a 2 larger than 100 (Fig. 9e, left panel) . The deviation of 2 from a perfect value of 1.0 may be because the WT GAPR-1 crystal structure lacks coordinates for the linker (GPLGS) preceding GAPR-1, as well as for residues 1-3 and 153-154. This good fit indicated by the 2 is consistent with our visual observation that the SAXS envelope fits the monomeric WT GAPR-1 crystal structure well (Fig. 9d, right panel) but is too small to accomodate the WT GAPR-1 dimer (Fig. 9e, right panel) . Therefore, our SEC-SAXS and ITC data consistently confirm that WT GAPR-1 is a monomer in solution at the concentrations tested.
The pentad mutant GAPR-1 transitions between monomeric and dimeric states in solution
Similar to WT GAPR-1, I(0) also varies across the SEC-SAX peak of pentad mutant GAPR-1 ( Supplementary Fig.  S7b) , consistent with the variation in elution concentration ( Supplementary Table S1 ). However, in contrast to WT GAPR-1, the R g distribution determined from the intensitynormalized, buffer-subtracted SEC-SAXS data of pentad mutant GAPR-1 is inconsistent across the scattering peak (Fig. 10) . The R g calculated from SAXS data sets at the leading part of the peak is $20 Å (here called the $20 Å R g peak part), while the R g calculated from SAXS data sets at the trailing part of the peak is $16 Å (here called the $16 Å R g peak part), with intervening SAXS data sets having intermediate R g values between 16 and 20 Å . The minimum R g estimated from the pentad mutant GAPR-1 SAXS data is comparable to that calculated from a monomer of the pentad mutant crystal structure and is also similar to that observed for WT GAPR-1. The maximum R g estimated from the pentad mutant GAPR-1 SAXS data is similar to the R g of 20 Å calculated from the pentad mutant GAPR-1 dimer in the crystal structure. Together, these data indicate that at the concentrations used for these SEC-SAXS experiments the pentad mutant GAPR-1 may transition between dimeric and monomeric states.
SVD analysis was also performed on SAXS of the pentad mutant GAPR-1 to determine the minimum number of species required to represent either the whole scattering peak (red box in Fig. 10; Figs. 11a and 11b) , the $20 Å R g peak part (blue box in Fig. 10; Figs. 11c and 11d ) and the $16 Å R g peak part (green box in Fig. 10; Figs. 11e and 11f ). Contrary to our expectations based on the observed decrease in R g across the scattering peak, SVD analysis of the whole scattering peak (Fig. 11a) indicates that in addition to the buffer, S 00 , the sample contains only one significant component, S 11 , as the next nonbuffer species, S 22 , cannot be considered significant based on the autocorrelations of the columns of U and V (Fig. 11a ) and the plot of the columns of U (Fig. 11b ). Not surprisingly, selection of SAXS data sets from only the $20 Å R g peak part (blue box in Fig. 10; Figs. 11c and 11d ) also indicates the presence of only one species besides the buffer. Likewise, selection of SAXS data sets from the $16 Å R g peak part (green box in Fig. 10; Figs. 11e and 11f ) also identified only one nonbuffer component, S 11 . Notably, however, this S 11 species has a singular value of $100 (Fig. 11c) , which is substantially less than the magnitude of the singular value of the S 11 species identified in the analysis of the $20 Å R g peak part (Fig. 11b ), suggesting that the concentration of the nonbuffer component is much lower in the $16 Å R g peak part relative to that in the $20 Å R g peak part. Further, the magnitude of the singular value of the S 11 species in the $16 Å R g peak part is comparable to that of the insignificant S 22 species in the SVD analysis of the whole peak, raising the possibility that a third species may be present at the trailing part but at concentrations that are too low for identification as a distinct significant species in the analysis of the whole peak. Another possibility is that the S 11 species in the $16 Å R g peak part simply corresponds to a low concentration of the S 11 species in the $20 Å R g peak part; however, this possibility does not explain the decrease in R g observed at the trailing part. To further characterize the size and shape of the significant species in the two parts of the scattering peak, ten buffersubtracted data sets were selected from either the $20 Å R g peak part or from the $16 Å R g peak part, which were separately scaled and averaged for subsequent data analysis.
For the averaged pentad mutant GAPR-1 SAXS data derived from the $20 Å R g peak part, the Guinier plot is linear at qR g < 1.3, indicating that this eluted sample was monodisperse (Fig. 12a) . The R g estimated from Guinier plot R g distribution across the SEC-SAXS elution peak. Raw scattering data (orange) and R g distribution (blue) with data selected for SVD analysis of the whole peak (red box), the leading part of the peak with an R g of $20 Å (blue box) and the trailing part of the peak with an R g of $16 Å (green box). analysis and P(r) analysis is 20 Å (Figs. 12a and 12b ), which is substantially larger than the R g of 16 Å estimated for WT GAPR-1, as well as the R g of 15 Å calculated from the pentad mutant GAPR-1 crystal structure monomer, but comparable to the R g of 20 Å calculated from the pentad mutant GAPR-1 crystal structure dimer. The P(r) plot indicates that the pentad mutant GAPR-1 in the $20 Å peak part is globular, with a D max of 66 Å (Fig. 12b) , which is larger than the D max of 58 Å estimated from the WT GAPR-1 SAXS data, as well as the D max of 56 Å calculated from the pentad mutant crystal structure monomer, but smaller than the D max of 72 Å calculated from the pentad mutant GAPR-1 crystal structure dimer. The Kratky plot indicates that pentad mutant GAPR-1 is also well folded (Fig. 12c) . The molecular mass of pentad mutant GAPR-1 estimated from the V c is 24.6 kDa, which is comparable to the mass of 26 kDa estimated from analytical SEC, but smaller than the theoretical molecular mass of 34.4 kDa calculated for a dimer and larger than the theoretical molecular mass of 17.2 kDa for a monomer. The normalized spatial discrepancy of the ten generated ab initio molecular models calculated from these data is 0.58 AE 0.02. Notably, the theoretical scattering curve calculated from the pentad mutant GAPR-1 crystal structure monomer does not fit the experimental scattering curve, as indicated by the 2 of 96 ( Fig. 12d , left panel), but the theoretical scattering curve calculated from the pentad mutant GAPR-1 crystal structure dimer agrees with the experimental scattering curve, as indicated by a 2 of 2.2 ( Fig. 12e, left panel) . Similar to the WT GAPR-1 crystal structure, the pentad mutant GAPR-1 crystal structure used to calculate the theoretical scattering curves lacks coordinates owing to missing electron density for linker residues GPLGS and GAPR-1 residues 1-3, but not for GAPR-1 residues 153-154 (Table 1) . Therefore, it is unlikely that these missing residues account for the relatively elevated 2 of 2.2; rather, this is probably indicative of an imperfect fit. Visual observation indicates that the SAXS envelope is much larger than a pentad mutant monomer (Fig. 12d, right panel) , but fits the pentad mutant dimer structure well (Fig. 12e, right panel) . Measurement of SEC eluate concentration indicates a range of 31-41 mM across the $20 Å R g peak part, which is slightly above the apparent dimer dissociation K d (29 AE 7 mM) ( Supplementary Table S1 ). Thus, our data indicate that the pentad mutant GAPR-1 eluting under the $20 Å R g peak part is in a dimeric state.
For the averaged pentad mutant GAPR-1 SAXS data derived from the $16 Å R g peak part, the Guinier plot is linear at qR g < 1.3, indicating that this eluted sample was also monodisperse (Fig. 13a) . The SVD analysis of SEC-SAXS from pentad mutant GAPR-1. (a) Singular values (primary y axis, shown as dots) and autocorrelations of the columns of U (secondary y axis, shown as red squares) and V (secondary y axis, shown as red squares) of the data encompassing the whole peak indicated by the red box in Fig. 10. (b) Columns of the orthonormal U matrix multiplied by the corresponding rank-ordered singular values in (a). (c) Singular values and autocorrelations of the columns of U and V of the data encompassing the leading edge of the peak indicated by the blue box in Fig. 10. (d) Columns of the orthonormal U matrix multiplied by the corresponding rank-ordered singular values in (c). (e) Singular values and autocorrelations of the columns of U and V of the data encompassing the trailing edge of the peak indicated by the green box in Fig. 10. ( f ) Columns of the orthonormal U matrix multiplied by the corresponding rank-ordered singular values in (e). and P(r) analysis ( Figs. 13a and 13b ) is similar to the R g of 16 Å estimated for the WT GAPR-1 SAXS data and is slightly larger than the R g of 15 Å calculated from the pentad mutant GAPR-1 crystal structure monomer, but is significantly smaller than the R g of 20 Å calculated from the pentad mutant GAPR-1 crystal structure dimer. The P(r) plot indicates that particles in the $16 Å R g peak part are globular, with a D max of 56 Å (Fig. 13b) , which is similar to the D max of WT GAPR-1. The Kratky plot indicates that these particles are also well folded (Fig. 13c ). The molecular mass estimated from the V c is 21 kDa, which is larger than the theoretical molecular mass of 17.2 kDa for monomeric pentad mutant GAPR-1, but much smaller than 34.4 kDa, the theoretical molecular mass of dimeric pentad mutant GAPR-1. The normalized spatial discrepancy of the ten generated ab initio molecular models is 0.50 AE 0.05. Lastly, the theoretical scattering curve calculated Analysis of the $20 Å R g peak part of the pentad mutant GAPR-1 SAXS. (a) Guinier plot. (b) P(r) distribution. (c) Kratky plot. (d) Fit of the pentad mutant crystal structure monomer to the SAXS data. Left panel: the theoretical scattering curve calculated from the pentad mutant monomer (green) fitted to the experimental scattering data (black). Right panel: the pentad mutant crystal structure monomer (yellow ribbon) docked into the SAXS molecular envelope (gray surface) shown in two orthogonal orientations. (e) Fit of the pentad mutant crystal structure dimer to the SAXS data. Left panel: the theoretical scattering curve calculated from the pentad mutant monomer (red) fitted to the experimental scattering data (black). Right panel: the pentad mutant crystal structure dimer (yellow ribbon) fitted to the SAXS molecular envelope (gray surface) shown in two orthogonal orientations. from the pentad mutant GAPR-1 crystal structure monomer fitted the experimental scattering curve well with a 2 of 1.9 (Fig. 13d, left panel) , somewhat better than the fit indicated by a 2 of 3.0 for the theoretical scattering curve calculated from the pentad mutant GAPR-1 crystal structure dimer (Fig. 13e,  left panel) . Visual observation indicates that a pentad mutant monomer fits the SAXS envelope calculated from the $16 Å R g peak part SAXS data better (Fig. 13d, right panel) than the pentad mutant dimer structure (Fig. 13e, right panel) . Thus, all of our data suggest that the pentad mutant GAPR-1 eluting under the $16 Å R g peak part is likely to be monomeric.
Together, our SEC-SAXS analysis of the pentad mutant GAPR-1 indicates that at the concentrations tested in this study this mutant exists primarily as a dimer, but equilibrates in a concentration-dependent manner between dimer and monomer oligomeric states that can be detected in SEC-SAXS. Analysis of the $16 Å R g peak part of the pentad mutant GAPR-1 SAXS. (a) Guinier plot. (b) P(r) distribution. (c) Kratky plot. (d) Fit of the pentad mutant crystal structure monomer to the SAXS data. Left panel: the theoretical scattering curve calculated from the pentad mutant monomer (green) fitted to the experimental scattering data (black). Right panel: the pentad mutant crystal structure monomer (yellow ribbon) docked to the SAXS molecular envelope (gray surface) shown in two orthogonal orientations. (e) Fit of the pentad mutant crystal structure dimer to the SAXS data. Left panel: the theoretical scattering curve calculated from the pentad mutant monomer (red) fitted to the experimental scattering data (black). Right panel: the pentad mutant crystal structure dimer (yellow ribbon) docked to the SAXS molecular envelope (gray surface) shown in two orthogonal orientations. this family (Ferná ndez et al., 1997; Henriksen et al., 2001; Serrano et al., 2004; Asojo et al., 2005 Asojo et al., , 2011 Suzuki et al., 2008; Asojo, 2011; Osman et al., 2012; Mason et al., 2014; Darwiche et al., 2016) . These studies also identified an equatorial surface groove that is present in all homologs of known structure. This groove has been shown to bind metals (Henriksen et al., 2001; Suzuki et al., 2008; Wang et al., 2010; Asojo et al., 2011; Mason et al., 2014; Darwiche et al., 2016) , and based on its width, depth and length this groove has also been proposed to be a binding site for peptides (Milne et al., 2003; Osman et al., 2012; Mason et al., 2014) . However, to date no direct evidence of peptide binding to this groove has been presented. Our bioinformatics analysis and molecular-docking results suggest that this groove is suitable for binding Beclin 1, and pentad mutation of the conserved GAPR-1 residues H54A/E86A/ G102K/H103A/N138G lining this groove abrogates binding to Beclin 1. These mutations do not impact the GAPR-1 tertiary structure; rather, they alter the size, shape and electrostatic potential of the equatorial groove.
Discussion
The oligomeric state of WT GAPR-1 has not been unambiguously established because different oligomerization states have been proposed in different studies. A previous study suggested that GAPR-1 exists as a monomer in solution in the absence of lipids (van Galen et al., 2012) , while another suggested that it transitions between monomeric and dimeric states in solution . Three different crystal structures of GAPR-1, including that reported in this manuscript, indicate that GAPR-1 dimerizes in selective conditions. Further, yeast two-hybrid studies suggest that GAPR-1 may exist as a dimer in cells . Interestingly, certain CAP proteins have serine protease activity, yet a canonical active-site triad is only formed upon homodimerization (Milne et al., 2003) , suggesting a functional role in the homodimerization of certain CAP domains. The results presented here unambiguously indicate that WT GAPR-1 does not homodimerize in the absence of lipids/other proteins and is a monomer in solution even at SEC injection concentrations of 2 mM. Thus, WT GAPR-1 is likely to form a very weak and transient dimer, which is stabilized at high concentrations such as those used for crystallization and/or in the presence of specific small molecules such as crystallization reagents, selected lipids or IP 6 . The increased concentration of GAPR-1 at lipid-rich microdomains of the Golgi complex may provide similar conditions in vivo.
Notably, the dimer interface varies in each of the three different GAPR-1 crystal structures determined to date, either owing to mutations, as reported in this study, or to the presence of lipid or IP 6 (van Galen et al., 2012) . Interestingly, no electron density corresponding to IP 6 was seen in the latter structure and thus it is unclear how IP 6 mediates changes in dimerization. The crystal structure of the pentad mutant GAPR-1 suggests that the mutations result in subtle changes in structure and residue interactions, which cause an altered mode of dimerization. Together, these studies indicate that GAPR-1 is likely to transition between monomer and different dimer conformations that are dependent on GAPR-1 concentration as well as upon binding of lipids and/or different ligands or protein partners. It is plausible that these different oligomeric states have different mechanisms and impact different biological functions.
Strikingly, the equatorial surface groove is partially occluded by the partner subunit in all three dimeric states crystallized, suggesting that binding partners such as Beclin 1 would not bind to the dimeric state of GAPR-1. Indeed, the interaction between GAPR-1 and Beclin 1 may require colocalization and arrangement of GAPR-1 and Beclin 1 in suitable orientations, which may be facilitated by membrane association in vivo. Further, various cellular factors such as the presence/binding of specific lipids, protein partners and/or post-translational modifications may further regulate this interaction via changes in the conformation and oligomerization of each partner. Binding of GAPR-1 to Beclin 1 BARAD residues 267-284 would sterically obstruct binding of autophagy partners such as UVRAG or ATG14, thereby adversely impacting the assembly of the autophagosome nucleation complex and reducing cellular autophagy levels.
Our model for the binding of GAPR-1 to Beclin 1 BARAD residues 267-284 suggests a mechanism for the disruption of binding caused by the F270S and F274S mutants (Shoji-Kawata et al., 2013) . Our model predicts that Phe270 of Beclin 1 packs against the hydrophobic residue Phe144 in GAPR-1; therefore, the F270S mutation would weaken this hydrophobic packing and the presence of the polar serine hydroxyl group may destabilize the interaction further. The aromatic ring of Phe274 in Beclin 1 packs against the C atom of Ser99 in GAPR-1 with a distance of 3.4 Å . An in silico mutation of Phe274 to serine increases the distance between Ser274 in Beclin 1 and Ser99 in GAPR-1 to 5.0 Å , abrogating this packing and likely destabilizing the Beclin 1-GAPR-1 interaction.
Conclusion
The results presented in this study demonstrate that Beclin 1 residues 267-284 are likely to bind to the equatorial groove of GAPR-1, and the conserved residues lining the equatorial binding groove are important for the interaction. Simultaneous mutation of multiple conserved residues such as the H54A/E86A/G102K/H103A/N138G pentad mutation abrogates the GAPR-1-Beclin 1 interaction. We solved the 1.27 Å resolution X-ray crystal structure of this pentad mutant GAPR-1, which shows that the equatorial binding groove of the pentad mutant GAPR-1 is shallower and more positively charged than that of WT GAPR-1. Both WT and pentad mutant GAPR-1 crystallize as dimers, with the equatorial groove of one subunit of the dimer partially occluded by the other, indicating that dimeric GAPR-1 is likely to be unable to bind Beclin 1. In solution, the WT forms a monomer, while the pentad mutant favors the dimeric state. Thus, the reduction in size, the change in shape and the increased positivity of the electrostatic surface of the equatorial binding groove, combined with altered homodimerization resulting in further occlusion of the equatorial groove in the pentad mutant, the increased shape and electrostatic complementarity of the research papers homodimer interface and the improved stability of the pentad mutant homodimer relative to that of the WT GAPR-1, are likely to abrogate binding to Beclin 1.
